Cross sections and corresponding momentum distributions have been measured for the first time at zero degrees for the exotic nuclei obtained from a beam of 18 O at 8.5 MeV/A impinging on a 1 mg/cm 2 238 U target. Sizable cross sections were found for the production of exotic species arising from the neutron transfer and proton removal from the projectile. Comparisons of experimental results with calculations based on deep-inelastic reaction models, taking into account the particle evaporation process, indicate that zero degree is a scattering angle at which the differential reaction cross section for production of exotic nuclei is at its maximum. This result is important in view of the new generation of zero degrees spectrometers under construction, such as the S3 separator at GANIL, for example. Deep-inelastic processes [1] between complex nuclei were first observed in the 1960s [2] , but it was not until the early 1970s that the importance of such reaction mechanisms was recognized by experimental groups and that theoretical concepts were developed (e.g., [3] [4] [5] [6] 1] ) for their description. These processes acquired the name deep-inelastic collisions, or damped collisions or multinucleon transfer reactions. Characteristic features of deep-inelastic collisions (DIC) include: formation of a dinuclear system which rotates almost rigidly, exchange of nucleons governed by N/Z equilibration, damping of the relative kinetic energy between the reaction partners, transfer of relatively high angular momentum into the intrinsic spin of the reaction products, and, eventually, separation into two fragments. It has been known for a long time that projectilelike fragments (PLF) arising from the transfer of a few nucleons to or from the target are associated with short interaction timesthey are emitted close to the grazing angle. In contrast, larger net nucleon transfers are associated with progressively longer interac- tion times during which the system can undergo sizable angular deflections. As a consequence, the maximum of the angular distribution, for products of multi-nucleon transfer processes, moves toward forward angles with the number of nucleons exchanged. Together with the geometrical focusing illustrated in the Wilczynski plot [3] , this suggests an enhancement of the production of the exotic reaction products resulting from DIC near or at zero degrees. However, thus far, no experimental information exists on whether this enhancement is actually present. Until now, measurements of product cross sections at exactly 0 degrees have not been performed for DIC due to hard-to-overcome difficulties in the beam separation at relatively low energy and to the broad transverse momentum distribution of DIC products. Close to 0 degrees DIC measurements can be found in Ref. [7, 15] .
The issue of predicting the cross sections at 0 degrees for exotic nuclei produced in DIC is of paramount importance in view of the future availability of large-acceptance 0 degrees magnetic spectrometers, such as the S3 facility under construction at GANIL [8] , where high-intensity, low-energy heavy-ion beams (5-15 MeV/A) will be used. The selection of DIC exotic products at 0 degrees by such devices could become a method for production of low-energy secondary beams of exotic nuclei.
In the present work, the production of exotic neutron-rich species in DIC is explored for the 18 O + 238 U reaction. The choice of the 238 U target was dictated by it having the highest N/Z ratio among stable isotopes, thus promoting transfers from 18 O towards very neutron-rich nuclei (i.e., east of 18 O). The measurement was performed at the GANIL facility using the LISE achromatic spectrometer [9] . The experiment employed a 8.5 MeV/A beam of 18 O 8+ impinging on a 1 ± 0.1 mg/cm 2 thick 238 U target, placed in the first object focal point of the LISE spectrometer (D3). The 238 U target was produced at GSI by evaporation on a backing of 50 ± 5 μg/cm 2 nat C. A 5 ± 0.5 μg/cm 2 nat C protective layer against oxidation was deposited on the opposite side. The projectile-like products were selected by the spectrometer according to the emission angle and the magnetic rigidity Bρ = p/q (p is the momentum of the ion and q its charge state).
The angular acceptance for the LISE spectrometer is ≈ 1 degree with respect to the central trajectory. To minimize the effects of the spectrometer acceptance, only trajectories having the magnetic rigidity close to that of the central trajectory were selected (i.e., δ p/p < 0.122%). The identification of the reaction products was performed with a E-E silicon telescope placed in the first image focal plane of the spectrometer (D4). In addition, two timeof-flight values (ToF1, ToF2) were recorded using as the start signal each of the silicon detectors and the radio-frequency of the cyclotron as the stop one. The E, E, ToF1 and ToF2 data, together with the Bρ information given by the settings of the spectrometer, could then be used to extract the mass number A, the atomic number Z and the charge state q for each detected reaction product. Fig. 1 provides an example of the identification achieved. The Bρ setting of the spectrometer and the opening of the momentum slits (F31), placed in the first dispersive focal plane of the spectrometer, defined the magnetic rigidity of the selected nuclei. The F31 slits were typically set at ±2 mm, knowing that LISE's dispersion is 16.5 mm/% of the momentum bite δ p/p. The momentum distribution for the PLF was obtained by performing measurements at different Bρ settings of the spectrometer. The main experimental challenge consisted in the careful tuning of the spectrometer, avoiding in as much as possible the primary beam charge states to ensure a tolerable counting rate in the silicon detection system. This task was made difficult by the wide charge state distribution and large width of the momentum distribution for each beam charge state. Thus, an intensity between 100 nA and 1 μA was used for each setting. The beam current was measured at the beginning of each run with a calibrated Faraday cup and fluctuations during the run were recorded using a non-interceptive beam profiler (TiD3). In total, 5 different settings for the LISE spectrometer were used: 0.8297, 0.9591, 0.9592, 0.9691, and 1.0904 Tm. To subtract the reactions induced on the nat C backing of the target, a separate measurement was performed on a 1 mg/cm 2 nat C target, for each setting. It should be noted that the 18 O+ nat C reaction contributed to the production of nuclei located up to two neutrons beyond the valley of stability. The kinetic energy (KE) distributions of the neutron-rich reaction products, obtained by summing the contribution of each charge state, are presented in Fig. 2 . Owing to the high beam intensity used (up to 1 μA), the detection limit was pushed down to ≈ 10 −7 mb/MeV, enabling the observation of exotic species such as 15 Ne which survived the strongly dissipative interactions. The KE distributions of these products are broad, thus reflecting a strong energy dissipation, as expected for fragments emitted at very forward angles. The differential reaction cross section at 0 degrees (Fig. 3) , was obtained for each product [16, 17] , DIT model coupled with Gemini++ (continuous blue lines) [18, 19] (see text). The nuclei adjacent to the orange line on the left have the N/Z ratio similar to the 18 O + 238 U system. The major part of the uncertainty arises from the statistical error of each of the points of the momentum distribution, while the error in the momentum acceptance and the angular acceptance of the spectrometer are 1% and ≈ 10%, respectively. The 10% uncertainty in the thickness of the 238 U and 12 C targets was also taken in account. by integrating the KE distributions of Fig. 2 . The results are summarized in Table 1 .
Prior to this study, very limited experimental information was available in the literature on the production cross sections for fragments formed in DIC processes induced by light-heavy ions (with A = 10-24) on medium-mass or heavy targets [10] [11] [12] [13] . Nevertheless, an extended experimental study of the mechanisms of PLF production for low-energy collisions of 14 N on 159 Tb is reported in Refs. [10, 11] , indicating that, at low collision energies, a dominant contribution to the yields of PLF heavier than Li is originating from DIC. Indeed, the measured energy distributions of PLFs for that system demonstrate the typical damped mechanism of their formation associated with large dissipation of KE (see the upper panel of Fig. 4 in Ref. [10] ). These data were successfully reproduced by the model of Zagrebaev and Greiner [14] which is based on Langevin-type equations of motion. The agreement between data and calculations can be viewed as support for the validity of this approach for the description of DIC induced by light heavy ions.
The experimental results presented here were interpreted on the basis of two different models of DIC, while also taking into account fragment evaporation from the binary collision products: i) the recently developed model of Nucleus-Nucleus Collisions based on Langevin Equations (NNCLE) [16] , coupled with the NRV statistical code for the description of particle evaporation [17] , and ii) the Deep Inelastic Transport model (DIT) [18] , coupled to the Gemini++ statistical evaporation code [19] . Table 1 Differential reaction cross sections dσ /d , in mb/sr, for the observed nuclei. The values are obtained from the integration of the momentum distribution displayed in Fig. 2 .029
As shown in Fig. 2 , the two independent models provide a satisfactory description of the cross sections as a function of the dissipated energy for neutron-rich reaction products with Z≤Z beam , including the majority of the exotic ones:
21 where the discrepancy is up to a factor of 30). This result represents the first validation of DIC reaction models at 0 degrees, where the most dissipative component of the reaction mechanism is present. Further, it is found that both models predict a secondary maximum around the grazing angle for less exotic nuclei. In contrast, for the most exotic isotopes, the reaction cross section quickly drops when moving away from 0 degrees to reach vanishingly small values near the grazing angle. The calculated angular distributions of the cross sections in Fig. 3 , together with i) the observed experiment-theory agreement discussed above, and ii) the fact that the models considered here are known to be reliable for the description of reaction cross sections at larger angles [16, 18] , indicate that the production of exotic nuclei in DIC at near-barrier energies peaks at 0 degrees.
In summary, this work presents, for the first time, a comprehensive set of experimental data on reaction cross sections for light-heavy exotic nuclei produced in deep-inelastic collisions at 0 degrees. Comparisons with calculations performed with the NNCLE and DIT models indicate that both approaches provide, at this particular angle, a rather satisfactory description of the data for the exotic species. Their production is associated, in particular, with the removal of protons and transfer of neutrons. This represents the first validation of DIC reaction models at 0 degrees, where geometrical focusing should occur, leading to an enhanced reaction cross section for the projectile-like fragments produced in the dissipative processes. In addition, the measurement is consistent with the prediction, by both models, of reaction differential cross sections being maximal at 0 degrees for the most exotic fragments. This feature may be taken into consideration for the production of exotic beams from DIC products while taking advantage of the zero-degrees magnetic spectrometers and high-intensity primary beam accelerators that are currently being developed at several laboratories. The S3 spectrometer at SPIRAL2 at GANIL is an example [8] .
